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Summary
Stress response is a fundamental form of behavioral and physiological plasticity. Here we describe how serotonin (5HT)
governs stress behavior by regulating DAF-2 insulin/IGF-1 receptor signaling to the DAF-16/FOXO transcription factor at
the nexus of development, metabolism, immunity, and stress responses in C. elegans. Serotonin-deficient tph-1 mutants,
like daf-2 mutants, exhibit DAF-16 nuclear accumulation and constitutive physiological stress states. Exogenous 5HT and
fluoxetine (Prozac) prevented DAF-16 nuclear accumulation in wild-type animals under stresses. Genetic analyses imply
that DAF-2 is a downstream target of 5HT signaling and that distinct serotonergic neurons act through distinct 5HT receptors
to influence distinct DAF-16-mediated stress responses. We suggest thatmodulation of FOXO by 5HT represents an ancient
feature of stress physiology and that the C. elegans is a genetically tractable model that can be used to delineate the
molecular mechanisms and drug actions linking 5HT, neuroendocrine signaling, immunity, and mitochondrial function.Introduction
The stress response is a programmed process in which an
organism adjusts its behavioral and physiological states in
response to aversive conditions arising from physical injury,
pathogenic infection, and the environment. The stress response
reflects a physiological state optimized for preservation of the
organism, whereas growth is a state optimized for exponential
expansion of the population. The two are counterbalanced
such that features that benefit one state tend to be a detriment
to the other. Consequently, the overall fitness of an organism
lies in its ability to appropriately adjust between self-preservation
through harsh times and exuberant growth when possible,
assuring an ‘‘optimal’’ life. Recently, a variety of observations
have suggested that the regulation of development, metabolic
homeostasis, and stress responses sharemany features in com-
mon and that the regulatory molecular mechanisms involved are
highly conserved across phylogeny. This is best exemplified in
the pathway from insulin growth factors (IGFs) to FOXO tran-
scription factors. Signaling from IGFs inhibits FOXO activity,
and activation of FOXO factors has been shown to suppress
development and reproduction but increase the expression of
genes involved in a wide spectrum of stress responses con-
served in organisms as diverse as worm, fly, mouse, and human
(Guarente and Kenyon, 2000; Kops et al., 2002; Lee et al., 2003;
Accili and Arden, 2004; Hwangbo et al., 2004). In C. elegans,
inactivation of the insulin/IGF-1 receptor DAF-2 by either muta-
tions or environmental and physiological stress factors causes
DAF-16/FOXOnuclear accumulation, resulting in developmental
arrest, a shift in the metabolic profile favoring fat deposition,
increased expression of antioxidant genes, and enhanced
immunity (Ogg et al., 1997; Honda and Honda, 1999; Henderson
and Johnson, 2001; Garsin et al., 2003; Libina et al., 2003). As inCELL METABOLISM 4, 429–440, DECEMBER 2006 ª2006 ELSEVIER Imammals, the nervous system regulates insulin/IGF-1 signaling
in C. elegans. Worms bearing defective chemosensory neurons
cannot sense the external environment, and these animals
exhibit DAF-16::GFP nuclear accumulation in neuronal and non-
neuronal cells throughout the body (Lin et al., 2001). The conser-
vation of IGF signaling, FOXOs, and their downstream targets
raised the possibility that additional components of this con-
served stress-response pathway may be shared across phyla.
In this study, we investigated the role of serotonin (5HT) as
a regulator of the insulin/IGF-1-FOXO pathway in stress physiol-
ogy. The serotonergic system is an ancient target of stress stim-
uli (Ottaviani and Franceschi, 1996; Azmitia, 1999). In mammals,
5HT is widely distributed in the CNS and peripheral tissues
including the enteric nervous system and the constituents of
the immune system (Essmann, 1978; Goodrich et al., 1980;
Jacobs and Azmitia, 1992). 5HT can be released by regulated
exocytosis at synaptic terminals to act locally in ‘‘hard-wired’’
circuits, as well as from extrasynaptic axonal and somatic sites
producing hormonal effects on cells and tissues at a distance,
via diverse 5HT receptors that include at least 15 subtypes
(De-Miguel and Trueta, 2005; Hoyer et al., 1994). 5HT synthesis
and release may be up- and downregulated by a variety of
stressors, and fluctuation of 5HT signaling modulates many
behaviors, innate and learned, in both vertebrates and inverte-
brates (Chaouloff et al., 1999; Kandel, 2001; Marinesco et al.,
2004). 5HT also regulates the synthesis and release of hor-
mones, neuropeptides, and proinflammatory cytokines to
influence a wide spectrum of physiological processes such as
satiety, energy expenditure, thermoregulation, and immunity
(Mossner and Lesch, 1998; Lucki, 1998). For example, deletion
of the 5HT receptor 5HT2C in mice causes them to develop
hyperphagia and type 2 diabetes (Nonogaki et al., 1998), while
the 5HT reuptake transporter (SERT) is downregulated in obeseNC. DOI 10.1016/j.cmet.2006.11.004 429
A R T I C L Eleptin-deficient ob/ob mice (Collin et al., 2000), and drugs that
enhance serotonin signaling are effective in the treatment of
anxiety and improve insulin sensitivity in obese patients (Leibo-
witz and Alexander, 1998; Gerozissis, 2004; Lustman and
Clouse, 2005). These studies have provided compelling evi-
dence that 5HT signaling resides at the crossroads of neuronal
plasticity and physiological adaptation. However, downstream
pathways regulated by 5HT signaling have not been elucidated.
Here we report genetic analyses of serotonergic neurons, 5HT
receptors, and the effects of the antidepressant fluoxetine in the
signaling pathway from the DAF-2 insulin/IGF-1 receptor to the
FOXO transcription factor DAF-16 in C. elegans. Prior studies
indicated that worms bearing a deletion of the 5HT-synthesizing
enzyme tryptophan hydroxylase, tph-1, like daf-2mutants, tend
to developmentally arrest as dauer larvae and accumulate
excess amounts of fat and that both phenotypes can be sup-
pressed by deletionmutations of daf-16 (Sze et al., 2000; Ashrafi
et al., 2003). In this study, we demonstrate that different classes
of serotonergic neurons act via distinct 5HT receptors to influ-
ence distinct DAF-16-mediated stress responses. The results
from this study reveal that 5HT requires DAF-2 to modulate
DAF-16 activities associated with its nuclear localization, as
well as those that are nuclear localization independent. We
show that exogenous 5HT and fluoxetine can suppress DAF-
16::GFP nuclear accumulation in wild-type (WT) animals under
stress. Regulation of specific DAF-16 outputs by the 5HT sys-
tem in C. elegans should provide a genetic system in which to
identify additional components in each of the stress responses
and perhaps identify novel drugs with increased selectivity for
individual arms of the network.
Results
5HT regulates DAF-16 nuclear translocation
The daf-16 gene encodes a FOXO transcription factor and is
expressed throughout life in the cytoplasm and nuclei of most
cell types including muscles, intestine, hypodermis, and many
neurons in C. elegans (Ogg et al., 1997; Henderson and John-
son, 2001; Lin et al., 2001). DAF-16 transcriptional activity is
thought to be controlled by translocation from the cytoplasm
to nuclei (Henderson and Johnson, 2001; Lin et al., 2001; Lee
et al., 2001). The current model is that DAF-2 insulin/IGF-1 sig-
naling results in phosphorylation of specific serine/threonine
residues on DAF-16, which prevents DAF-16 nuclear accu-
mulation and thereby promotes the program for reproductive
growth; aversive environmental and physiological conditions
or mutations abrogating DAF-2 signaling induce DAF-16 nuclear
accumulation, which activates the program to enhance stress
resistance via genes involved in development, metabolism, de-
toxification, and immunity. Because the dauer developmental
arrest and excessive fat accumulation observed in 5HT synthe-
sis mutants can be suppressed by deletion mutations in daf-16,
we asked whether 5HT deficit promotes DAF-16 nuclear accu-
mulation. We compared the subcellular distribution of a func-
tional DAF-16::GFP transgene in WT animals and mutants bear-
ing a deletion of the 5HT-synthesizing enzyme tryptophan
hydroxylase, tph-1. Under optimal growth conditions, tph-1mu-
tants showed significant DAF-16::GFP nuclear accumulation in
both neuronal and nonneuronal cells. The DAF-16 nuclear accu-
mulation could be suppressed in tph-1 mutants that carried
a wild-type tph-1 transgene (Figure 1; Table 1). We conclude430that DAF-16 is a downstream factor of 5HT signaling and that
5HT deficit promotes DAF-16 nuclear accumulation.
Regulation of DAF-16 by distinct 5HT neurons
As the first step to determine the molecular pathways by which
5HT regulates DAF-16 activity, we analyzed the role of specific
serotonergic neurons. In C. elegans larvae, 5HT is primarily pro-
duced in two neuronal classes, ADF and NSM, each consisting
of two bilaterally symmetric neurons (Sze et al., 2000, 2002;
C.M. Dempsey and J.Y.S., unpublished data). NSM are secre-
tory neurons whose cell bodies are located in the pharynx and
whose free axonal endings extend into the pseudocoelom
(Albertson and Thomson, 1976), thereby acting in an endocrine
fashion to affect the activity of cells at a distance. ADF are che-
mosensory neurons that detect external environmental signals
(White et al., 1986; Bargmann and Horvitz, 1991), thereby influ-
encing the animal’s perception of the environment. These two
classes of serotonergic neurons could act synergistically to
regulate DAF-16 activity. Alternatively, each neuronal class
could regulate DAF-16 in particular tissues. To distinguish be-
tween these two possibilities, we observed DAF-16::GFP in
tph-1 mutant animals carrying a transgene expressing a tph-1
cDNA in either ADF (ADF::tph-1) or NSM (NSM::tph-1).
The two independent ADF::tph-1 transgenes can each fully
restore 5HT immunoreactivity in ADF (see Figure S2 in the
Supplemental Data available with this article online), and both
transgenes, similar to pcat-1::tph-1 that expresses tph-1 in all
serotonergic and dopaminergic neurons, can broadly suppress
DAF-16::GFP nuclear accumulation in cells throughout the ani-
mal. By contrast, two independent NSM::tph-1 transgenes that
can restore 85% of WT NSM 5HT did not confer a significant
suppression (Table 1). Expression of both ADF::tph-1 and
NSM::tph-1 appeared to suppress DAF-16::GFP nuclear accu-
mulation better than the ADF::tph-1 transgenes alone, but the
difference was not significant (p > 0.05, Student’s t test). To con-
firm that it was indeed 5HT signaling arising from ADF that
suppressed DAF-16::GFP nuclear accumulation, we examined
DAF-16::GFP in a mod-5/SERT mutant background. The mod-
5(n3314) allele completely blocks neurons from the reuptake of
extracellular 5HT (Ranganathan et al., 2001), and the mutants
exhibited a WT DAF-16::GFP subcellular distribution (Table 2).
The ADF::tph-1 transgene suppressed DAF-16::GFP nuclear
accumulation in mod-5;tph-1 double mutants as well as in
tph-1 alone. Thus, 5HT signaling from the ADF chemosensory
neurons appears to account for the inhibition of DAF-16 nuclear
accumulation.
Two alleles of the TRPV channel OCR-2 both cause dramatic
downregulation of tph-1 expression in ADF, but not in NSM
(Zhang et al., 2004), and both alleles show significant DAF-
16::GFP nuclear accumulation (Table 1), suggesting that ADF
5HT deficit causes the mutants to accumulate nuclear DAF-
16::GFP. Intriguingly, ocr-2(ak47) deletion mutants showed
much stronger DAF-16::GFP nuclear accumulation than either
ocr-2(yz5) or tph-1 mutants. ocr-2(yz5) is a point mutation that
affects OCR-2 function in a neuron-specific context. ocr-2(yz5)
completely eliminates OCR-2 function in ADF, as assessed by
tph-1::gfp expression and 5HT immunoreactivity, and it abol-
ishes OCR-2 function in osmotic sensation mediated by the
ASH neurons, but it does not at all affect OCR-2 function in
AWA-mediated olfactory sensation (Sokolchik et al., 2005). To
determine that the downregulation of tph-1 expression in ADFCELL METABOLISM : DECEMBER 2006
Serotonin inputs to insulin/IGF-1 signalingFigure 1. Effects of 5HT on DAF-16 subcellular
distribution
A) DAF-16::GFP expression in WT and tph-1 mutant
animals. Top: In WT, DAF-16::GFP displays a diffuse
pattern in neurons (arrowhead) as well as in the body
regions. Middle: In tph-1(mg280), DAF-16::GFP is
distinctly accumulated in nuclei throughout the ani-
mal, but some GFP expression remains in the cyto-
plasm. Bottom: DAF-16::GFP nuclear accumulation
is suppressed in tph-1(mg280) mutants carrying
a tph-1(+) transgene. The arrows point to the trans-
genic marker elt-2::gfp. All animals shown are L2 lar-
vae, with anterior to the left. The top and middle
panels are photomicrographs taken under a 403
lens; a 1003 lens was used for the bottom panel.
Quantification of DAF-16::GFP nuclear accumulation
in each genetic background is presented in Table 1.
B) Regulation of DAF-16 subcellular distribution by
5HT is dependent on DAF-2. tph-1(mg280) animals
incubated on culture plates containing 2.5 mg/ml
5HT for 4 hr at 20C show significantly reduced
DAF-16::GFP nuclear accumulation relative to their
untreated siblings. By contrast, DAF-16::GFP is ex-
clusively localized in the nuclei of daf-2(e1370) ani-
mals with or without 5HT treatment. 5HT treatment
suppressed DAF-16 nuclear accumulation in neuro-
nal and nonneuronal cells of tph-1 animals; changes
in the head neurons are shown. Each bar represents
the mean of three independent trials, each with 10
animals per strain per treatment, 6 SEM. 5HT at 2.5
mg/ml culture media was more effective than at
1.25 mg/ml; however, higher 5HT concentrations
caused worms to be paralyzed (Choy and Thomas,
1999). *p < 0.05, Student’s t test.was a cause of DAF-16 nuclear accumulation in ocr-2 mutants,
we introduced ADF::tph-1 into ocr-2(yz5) mutants. We found
thatADF::tph-1 suppressedDAF-16::GFP nuclear accumulation
in ocr-2(yz5)mutants (Table 1), indicating that downregulation of
tph-1 expression in ADF is at least amajor causeofDAF-16::GFP
nuclear accumulation in ocr-2(yz5) animals. The excess DAF-
16::GFPnuclear accumulation observed in theocr-2(ak47)back-
ground suggests thatOCR-2 activity in nonserotonergic neurons
also participates in regulating DAF-16 subcellular distribution.
Supporting this idea, expression of a wild-type ocr-2 gene
specifically in ADF (ADF::ocr-2) significantly but limitedly sup-
pressed DAF-16::GFP nuclear accumulation in ocr-2(ak47)
mutants (Table 1). These observations are consistent with the
previous report of modulation of DAF-16 activity by diverse sen-
sory neurons (Apfeld and Kenyon, 1999; Lin et al., 2001) and ex-
tend that work by demonstrating that sensory signals arising
from the OCR-2 TRPV channel in the ADF sensory neurons are
transduced by transcriptional regulation of tph-1 expression,
which in turn controls DAF-16 subcellular distribution.
DAF-2 couples 5HT signaling to DAF-16
DAF-16 is a major target of DAF-2 insulin/IGF-1 receptor signal-
ing (Vowels and Thomas, 1992; Gottlieb andRuvkun, 1994). 5HT
signaling might regulate DAF-2 activity to influence DAF-16, or it
might act in an independent parallel pathway leading to DAF-16.
To distinguish between these two possibilities, we tested
whether an excess of 5HT can suppress DAF-16 nuclear accu-
mulation in daf-2 mutants (Figure 1B). Applying 5HT to tph-1
mutants significantly suppressed DAF-16::GFP nuclear accu-
mulation, further confirming the role of 5HT. DAF-16::GFP in
daf-2mutant animals was almost exclusively localized in the nu-CELL METABOLISM : DECEMBER 2006clei. Applying 5HT to daf-2 mutant animals did not cause a de-
tectable reduction of the DAF-16 nuclear accumulation. Thus,
5HT signaling cannot antagonize DAF-16 nuclear accumulation
in the absence of DAF-2. 5HT could modulate the activity of
DAF-2 itself or a downstream signal produced by DAF-2, or it
could regulate synthesis and/or release of DAF-2 ligands—insu-
lin-like molecules. Because DAF-16::GFP is not exclusively nu-
clear localized in tph-1 mutants as it is in daf-2 mutants, 5HT
deficit does not abolish activation of DAF-2 by its ligands. We
suggest that 5HT signaling is one of the regulatory mechanisms
that control the DAF-2 signaling pathway.
5HT-deficient mutants adopt a physiological stress state
InWT animals, DAF-16 nuclear accumulation can be induced by
environmental and physiological stresses such as heat, starva-
tion, and reactive oxygen species (ROS) (Henderson and John-
son, 2001; Lin et al., 2001). Thus, DAF-16 nuclear accumulation
reflects the physiological state of an animal under stress. We
therefore used DAF-16::GFP as a tool to measure physiological
stress states in WT and tph-1 mutant animals under various
environmental conditions.
Ambient temperature is a major determinant of C. elegans
physiology. The standard growth temperature for C. elegans in
the lab is 20C, but worms can be cultured within the range of
12C–27C.WT animals raised at 15C or 20C showed a similar
pattern of predominantly cytoplasmic DAF-16::GFP. When WT
animals hatched at 15C or 20C were shifted to 26C for 24
hr, DAF-16::GFP was predominantly localized in the nuclei
(Figure 2A). In contrast, tph-1mutant animals showed a progres-
sive linear increase in DAF-16::GFP nuclear accumulation when
growing at 15C, 20C, and 26C (Figure 2A). The nuclear431
A R T I C L Eaccumulation of DAF-16::GFP at 26C is consistent with the no-
tion that high temperatures stimulate DAF-16 activity to induce
genes involved in stress resistance while suppressing genes
necessary for reproductive growth (Henderson and Johnson,
2001; Ailion and Thomas, 2000). An intriguing result is the stron-
ger DAF-16::GFP nuclear accumulation in tph-1 animals at 20C
relative to that at 15C.Becausemanyof the38C. elegans insulin
genes are expressed in sensory neurons and likely act in concert
to modulate DAF-2 signaling to DAF-16 in response to the envi-
ronment (Pierce et al., 2001; Li et al., 2003;McElwee et al., 2003;
Murphy et al., 2003), one plausible explanation for our observa-
tion could be that 5HT preferentially controls the subset of insulin
signals acting at the optimal growth temperature of 20C to pro-
duce optimal physiological states. Our data indicate that 5HT is
but one input to DAF-16 response, as 5HT-deficient animals can
still sense changes in the environment and remain capable of
transmitting this stress signal to DAF-16.
Mutations that cause DAF-16 nuclear accumulation render
animals constitutively adapted to physiological stress states;












WT 190 4.8 6 1.1 (1345) 0.3 6 0.2
daf-2(e1370) 60 100 (771) 86.3 6 3.2
tph-1(mg280) 81 36.2 6 2.3 (586) 28.1 6 3.3
tph-1;Ex[pcat-1::tph-1] 102 15.3 6 2.1 (818)a 4.6 6 1.1
WT;Ex[pcat-1::tph-1] 64 1.9 6 0.7 (582) 0.1 6 0.1
tph-1;Ex[ADF::tph-1]#1 49 23.4 6 3.3 (347)a 11.4 6 2.3
tph-1;mod-5;Ex[ADF::tph-1]#1 56 23.8 6 2.6 (293)a 15.2 6 1.9
tph-1;Ex(ADF::tph-1] #2 39 20.8 6 1.6 (350)a 11.5 6 2.6
WT;Ex[ADF::tph-1]#1 37 1.0 6 0.6 (359) 0
WT;Ex[ADF::tph-1]#2 32 0.6 6 0.3 (339) 0
tph-1;Ex[NSM::tph-1]#1 43 31.3 6 5.8 (309) 24.0 6 3.1
tph-1;mod-5;Ex[NSM::tph-1]#1 39 30.8 6 2.2 (236) 21.1 6 2.2
tph-1;Ex[NSM::tph-1]#2 39 27.9 6 2.0 (317) 19.2 6 2.2
WT;Ex[NSM::tph-1]#1 31 0.3 6 0.3 (351) 0
WT;Ex[NSM::tph-1]#2 31 0.9 6 0.5 (333) 0
tph-1;Ex[ADF::tph-1;NSM::tph-1]#1 48 18.4 6 1.7 (380)a 8.7 6 0.4
tph-1;Ex[ADF::tph-1;NSM::tph-1]#2 38 18.7 6 0.6 (337)a 7.8 6 1.2
WT;Ex[ADF::tph-1;NSM::tph-1] 34 0.6 6 0.3 (360) 0
ocr-2(yz5) 44 37.1 6 1.4 (238) 28.4 6 5.1
ocr-2(yz5);Ex[ADF::tph-1] 39 24.9 6 2.2 (248)b 16.0 6 2.0
ocr-2(ak47) 60 89.0 6 5.5 (494) 44.1 6 0.8
ocr-2(ak47);Ex[ADF::ocr-2] 66 70.3 6 3.6 (414)b 17.2 6 3.6
WT and tph-1 mutant animals carry the same integrated daf-16::gfp transgene.
daf-2 and ocr-2mutant animals carry the daf-16(mu86)mutation and an extrachro-
mosomal daf-16::gfp transgene. There is no significant difference in DAF-16::GFP
subcellular distribution in WT and daf-16(mu86) backgrounds (data not shown).
Nuclear accumulation in head neurons is measured as the percentage of head
neurons that accumulated nuclear DAF-16::GFP in individual animals. The total
number of neurons scored for each strain is indicated in parentheses. The percent-
age of DAF-16::GFP nuclear accumulation in the body region was estimated as
described in Figure S1.
a Transgenic tph-1 animals showed significantly less DAF-16 nuclear accumula-
tion than tph-1 alone (p < 0.05, Student’s t test). Each strain was tested in at least
three independent experiments, each with two to three replicates, and WT and
tph-1 mutants were observed in parallel every time. Representative WT and
tph-1 data sets are shown. The statistical analyses reflect the comparison be-
tween individual strains and WT and tph-1 assayed in parallel and WT and tph-1
data sets presented here. There is no significant difference between tph-1;
Ex[ADF::tph-1] and tph-1;mod-5;Ex[ADF::tph-1] or between tph-1;Ex[ADF::tph-1]
and tph-1;Ex[ADF::tph-1+NSM::tph-1] (p > 0.05, Student’s t test).
b DAF-16::GFP nuclear accumulation in the transgenic mutants is significantly re-
duced compared to the corresponding ocr-2 allele alone (p < 0.05, Student’s t test).432these mutants exhibit increased intrinsic tolerance to physiolog-
ical stress. DAF-16 regulates the expression of heat-shock pro-
teins (Hsu et al., 2003; McElwee et al., 2003; Walker and Lith-
gow, 2003). Mutations in DAF-2 signaling cause animals to
exhibit increased thermotolerance; these mutants survive under
heat-shock conditions in which most WT animals die (Lithgow
et al., 1995). We tested whether 5HT deficit shifts the animal to-
ward physiological stress states and therefore increases its in-
trinsic thermotolerance. We exposed WT and tph-1 animals to
37.5C heat shock and scored the number of animals surviving
(Figure 2B). After exposure to heat for 3.5 hr, about 90% of WT
animals were dead, but 67% of tph-1mutants survived. The in-
creased thermotolerance of tph-1 was completely suppressed
by a daf-16 null mutation, demonstrating that 5HT signaling reg-
ulates DAF-16 to influence the tolerance to the stress and that
tph-1 mutants are constitutively in an inappropriate physiologi-
cal stress state. Mutations in the 5HT reuptake transporter
gene mod-5 presumably cause increased levels of synaptic
5HT (Ranganathan et al., 2001). mod-5 null animals were no
more sensitive than WT animals to heat shock, indicating that
excess 5HT does not further reduce thermotolerance.
5HT deficit exaggerates DAF-16 response to starvation
Starvation is another sensitive trigger of DAF-16 nuclear
accumulation. Consistent with a prior report (Henderson and
Johnson, 2001), we observed strong DAF-16::GFP nuclear
accumulation in WT animals deprived of food for 4 hr. This star-
vation-induced DAF-16::GFP nuclear translocation was rapidly
reversed when feeding was restored (Figures 3A and 3B). When
assayed in parallel, food deprivation also enhanced DAF-16::
GFP nuclear accumulation in tph-1 mutant animals, showing
that animals having no detectable 5HT can still sense and
respond to starvation stress. However, unlike WT animals,
starvation-induced DAF-16 nuclear accumulation lingered in
tph-1 mutants even after they had resumed feeding for 4 hr
(Figures 3A and 3B).
To ensure that the DAF-16 nuclear retention in tph-1 animals
was not due to slow feeding, we assayed the feeding-defective
mutant eat-2 (McKay et al., 2004). Fed eat-2(ad465)mutants did
not exhibit DAF-16::GFP nuclear accumulation (Figure S3). In-
terestingly, eat-2 animals deprived of food for 4 hr exhibited
less DAF-16::GFP nuclear accumulation thanWT animals (Table
2). Nevertheless, feeding induced eat-2 animals to reverse DAF-
16::GFP nuclear accumulation as efficiently as WT animals
(Table 2). A simple explanation for this observation is that feed-
ing-defective mutants are perhaps chronically adapted to slow
nutrient supplies and are therefore less sensitive to brief food-
deprivation stress but remain highly responsive to food inges-
tion. These observations suggest that starvation can induce
DAF-16::GFP nuclear accumulation in the absence of 5HT but
that 5HT-deficient animals cannot efficiently perceive satiety
after feeding has resumed and therefore remain inappropriately
at the starvation-induced stress state long after the original
triggering stress signal has ceased.
In contrast to tph-1 mutants, mod-5/SERT mutants showed
resistance to starvation-induced DAF-16::GFP nuclear accu-
mulation (Figure 3C; Table 2). Consistent with this observation,
applying 5HTor the selective 5HT reuptake inhibitor (SSRI) fluox-
etine toWTanimals during the food-deprivation treatment signif-
icantly attenuated DAF-16::GFP nuclear accumulation (Fig-
ure 3C). These observations establish that exogenous 5HT canCELL METABOLISM : DECEMBER 2006
Serotonin inputs to insulin/IGF-1 signalingFigure 2. Effects of tph-1 on DAF-16::GFP response
to environmental temperature
A) DAF-16::GFP nuclear accumulation in animals
cultured at various temperatures. WT and tph-1
animals were grown at either 15C or 20C, and
daf-2 animals were maintained at 15C. To observe
DAF-16::GFP at 26C, L1 and L2 animals were
shifted to 26C for 24 hr, and non-dauer animals
were examined. Each bar represents three indepen-
dent trials 6 SEM. *p < 0.05; **p < 0.01 significant
difference at different temperatures for a given strain,
Student’s t test. Total number of animals examined
for each condition: 15C: 130 WT, 130 tph-1, and
50 daf-2; 20C: 115 WT, 136 tph-1, and 90 daf-2;
26C: 34 WT, 60 tph-1, and 34 daf-2. The total num-
ber of neurons scored for each condition is indicated
at the top of the corresponding bar. Percentage of
DAF-16::GFP in the body regions was estimated as
described in Figure S1.
B) Percentage of animals surviving after exposure
to 37.5C heat shock. The daf-16(mgDf50) deletion
mutation suppresses the increased thermotolerance
of tph-1 mutants. Each bar represents three inde-
pendent trials6 SEM. *p < 0.05 significant difference
from WT with the same treatment, Student’s t test.influence DAF-16 subcellular distribution in WT animals under
stress and that fluoxetinemay adjust DAF-16 response to stress.
Modulation of DAF-16 activity by distinct 5HT
signaling pathways
We next explored the serotonergic signaling pathway that modu-
lates DAF-16 response to food signals. First, we compared theCELL METABOLISM : DECEMBER 2006levelof5HT inNSMandADF inwell-fedandstarved larval animals.
After being deprived of food for 4 hr, tph-1::gfp expression and
5HT immunoreactivity in ADF were consistently reduced, but the
levels in NSM were not changed (Figure S4). These results sug-
gested that starvation selectively inhibits 5HT production in ADF,
raising thepossibility that food signals stimulate ADF 5HTproduc-
tion, which in turn promotes a cytoplasmic distribution of DAF-16.Table 2. Serotonin modulates DAF-16 nuclear accumulation in response to starvation
Strain
Fed 4 hr food deprivation 4 hr recovery
n Head neurons Body region n Head neurons Body region n Head neurons Body region
WT 56 1.7 6 0.4 (509) 0 60 69.7 6 4.7 (535) 75.7 6 5.7 56 5.9 6 3.0 (492) 2.0 6 1.2
tph-1 42 37.1 6 1.8 (298) 28.3 6 1.4 32 71.9 6 5.3 (210) 62.6 6 4.1 31 54.7 6 2.1 (211) 42.0 6 0.7
tph-1;Ex[ADF::tph-1] 37 20.5 6 3.7 (255) 9.2 6 1.2 34 54.6 6 3.3 (189)a 48.5 6 0.6 21 34.4 6 1.1 (113) 21.3 6 1.1
ocr-2(yz5) 34 34.7 6 3.4 (200) 19.8 6 0.7 31 72.1 6 6.1 (173) 46.1 6 1.4 35 57.8 6 5.3 (181) 24.8 6 3.2
unc-86 83 2.7 6 0.7 (803) 0.5 6 0.4 97 45.1 6 5.3 (902)a 54.5 6 5.3 110 13.7 6 1.2 (936) 4.3 6 0.8
ser-1 72 1.5 6 0.3 (683) 0.2 6 0.2 93 42.2 6 3.9 (843)a 42.3 6 3.9 81 2.2 6 0.4 (727) 0.1 6 0.1
ser-4 78 2.3 6 0.7 (704) 0.3 6 0.2 96 45.9 6 2.6 (893)a 47.9 6 4.0 85 4.0 6 1.2 (757) 0.1 6 0.1
mod-1 53 5.2 6 1.5 (494) 0.9 6 0.5 56 81.2 6 5.3 (440) 83.9 6 1.8 55 9.8 6 3.7 (473) 1.4 6 0.9
ser-1;ser-4 37 0.8 6 0.5 (355) 0 54 44.9 6 5.9 (427)a 49.3 6 6.2 40 0.5 6 0.5 0
ser-1;mod-1 38 0 (377) 0 54 48.0 6 2.8 (419)a 46.8 6 5.5 42 0.2 6 0.2 (390) 0
ser-4;mod-1 42 0.2 6 0.2 (411) 0 56 49.3 6 2.2 (456)a 47.3 6 6.4 44 0.7 6 0.4 (408) 0
ser-1;ser-4;mod-1 40 0.2 6 0.2 (379) 0 51 42.9 6 1.0 (405)a 41.9 6 1.9 40 0.5 6 0.3 (402) 0
mod-5 69 0.7 6 0.3 (661) 0.3 6 0.3 79 41.0 6 3.6 (727)a 48.0 6 6.7 75 4.0 6 0.5 (662) 0
eat-2 19 0 (305) 0 25 37.8 6 0.3 (262)a 24.5 6 2.5 25 1.9 6 0.4 (322) 0
n = the total number of animals examined for each treatment. The percentage of head neurons that accumulated nuclear DAF-16::GFP in individual animals is listed; the
total number of neurons scored for each strain with each treatment is indicated in parentheses. DAF-16::GFP nuclear accumulation in the body regions was quantified as
described in Figure S1.
a Significantly less DAF-16::GFP nuclear accumulation in head neurons than in WT after 4 hr food deprivation (p < 0.05, Student’s t test). Each strain was tested in at least
three independent experiments, each with two to three replicates, andWT and tph-1mutants were observed in parallel every time. Representative WT and tph-1 data sets
are shown. The statistical analyses reflect the comparisons between individual strains andWT and tph-1 assayed in parallel and theWT and tph-1 data sets presented here.433
A R T I C L EFigure 3. Effects of 5HT on DAF-16::GFP response
to food
A) Food deprivation induces DAF-16::GFP nuclear
accumulation in both WT and tph-1(mg280) animals.
WT animals quickly reversed DAF-16::GFP nuclear
accumulation when feeding was restored, but tph-1
animals continued to exhibit the distribution seen in
the starvation state even after they had resumed
feeding for 4 hr.
B)Quantification of DAF-16::GFP nuclear accumula-
tion in head neurons under food deprivation and
feeding treatments. Each bar represents three inde-
pendent trials6 SEM. All treatments were performed
at 20C. Fifty-six to eighty animals per strain per
condition were examined. DAF-16::GFP distribution
was changed in cells throughout the body as shown
in (A); the changes in head neurons are shown. Total
number of neurons scored for each treatment is indi-
cated at the top of each bar. *p < 0.05, **p < 0.01 sig-
nificant difference from fed controls, Student’s t test.
C) Application of 5HT or fluoxetine suppresses star-
vation-induced DAF-16::GFP nuclear accumulation
in WT animals. mod-5/SERT mutants, like WT
animals treated with one of the drugs, show less
DAF-16::GFP nuclear accumulation after 4 hr food
deprivation. The average percentage of head neu-
rons accumulating nuclear DAF-16::GFP in WT
animals after 4 hr of food deprivation is defined as
100%, and the average percentage in unstarved or
drug-treated WT and starved mod-5 mutants is
normalized against starved WT animals in each
experiment. Each bar represents three independent
trials 6 SEM. Thirty to eighty animals per strain per
condition were examined. Total number of neurons
examined for each treatment is indicated on the
top of each bar. *p < 0.05 significant difference
from starved WT, Student’s t test.Next, we assayed DAF-16::GFP response to food deprivation
and feeding in 5HT synthesis and 5HT receptor mutants. As de-
scribed above (Table 1), well-fed ocr-2(yz5) animals that lack
tph-1 expression in ADF, like tph-1mutants, exhibited increased
DAF-16::GFP nuclear localization relative to WT. As in tph-1
mutants, DAF-16::GFP nuclear accumulation was enhanced
further when ocr-2(yz5) animals were deprived of food and
remained long after feeding resumed (Table 2).
We tested the role of NSM in DAF-16 response to food depri-
vation and feeding by expressing the tph-1 gene specifically in
ADF in tph-1mutants. Expression ofADF::tph-1 in tph-1mutants
could restore the ability to reverse starvation-induced DAF-
16::GFP nuclear accumulation in response to feeding, indicating
that NSM serotonin is not required for the efficient reversal of
DAF-16 nuclear accumulation. Interestingly, tph-1 animals ex-
pressing the ADF::tph-1 transgene that were deprived of food
for 4 hr exhibited less DAF-16::GFP nuclear accumulation than
WT (Table 2), suggesting that 5HT signaling fromNSMpromotes
DAF-16 nuclear accumulation in response to starvation.
Null mutations in the POU transcription factor UNC-86 elimi-
nate tph-1 expression in NSM but do not affect the expression
in ADF (Sze et al., 2002). Although UNC-86 functions in many
neurons (Finney andRuvkun, 1990), a lack of NSM tph-1 expres-
sion is the only phenotype shared between unc-86mutants and
tph-1 mutants expressing ADF::tph-1. The DAF-16::GFP distri-
bution in well-fed unc-86 null animals was very similar to that
seen in WT animals (Table 2). However, like tph-1 mutants
expressing ADF::tph-1, unc-86 mutants were less sensitive to
starvation-induced DAF-16::GFP nuclear accumulation but434could efficiently reverse DAF-16::GFP nuclear accumulation in
response to feeding (Table 2). Together, the results suggest
that ADF- and NSM-produced 5HT can independently influence
DAF-16 subcellular distribution. NSM 5HT signals appear to fa-
cilitate DAF-16::GFP nuclear translocation when food ingestion
is disrupted, and ADF 5HT signalsmay transduce the perception
of food (or satiety) to promote DAF-16 cytoplasmic distribution.
To begin to delineate 5HT signaling pathways that regulate
DAF-16, we analyzed the effects of mutations in three 5HT re-
ceptors on DAF-16::GFP subcellular distribution: the ionotropic
receptormod-1 (Ranganathan et al., 2000) and themetabotropic
G protein-coupled receptors SER-1 and SER-4 (Olde and
McCombie, 1997; Hamdan et al., 1999; Dempsey et al., 2005).
None of the mutations, either individually or in combination,
caused DAF-16 nuclear accumulation like that seen in tph-1 or
ocr-2mutants. However, SER-1 and SER-4 appeared to be act-
ing in the signaling pathway that promotes DAF-16::GFP nuclear
accumulation in response to starvation. ser-1 and ser-4 deletion
mutants, like unc-86 null mutants and tph-1 animals expressing
ADF::tph-1, exhibited lessDAF-16 nuclear accumulation relative
to WT under the starvation treatment (Table 2). ser-1 and ser-4
are expressed in many neuronal and nonneuronal cells (Tsalik
et al., 2003; Dempsey et al., 2005). While our results are not
sufficient to demonstrate that SER-1 and SER-4 are acting in
the same cell to modulate DAF-16::GFP response to starvation,
ser-1;ser-4 double-mutant animals did not exhibit a stronger
resistance than either of the single mutants alone, suggesting
that SER-1 and SER-4 act in the same pathway and that inacti-
vation of either receptor would thus disrupt the signaling.CELL METABOLISM : DECEMBER 2006
Serotonin inputs to insulin/IGF-1 signaling5HT inputs to immune response
DAF-16 regulates a battery of homeostatic stress-response
genes to mediate the response to environmental stressors and
physiological challenges. However, different aspects of these
DAF-16 functions may be regulated by separable mechanisms
(Wolkow et al., 2000; Lin et al., 2001; Libina et al., 2003). We fur-
ther investigated whether distinct serotonergic neurons act
through distinct 5HT receptors to participate in regulation of dis-
tinct DAF-16 functions. Specific components regulated by DAF-
16 include genes involved in antibacterial immunity. C. elegans
is cultured in the laboratory on plates by feeding on a lawn of
E. coli OP50. When OP50 is substituted by the Pseudomonas
aeruginosa strain PA14, an opportunistic human pathogen, WT
animals die within a few hours (Mahajan-Miklos et al., 1999).
The susceptibility of worms to bacterial virulence is influenced
by DAF-16 activity (Garsin et al., 2003). To explore 5HT inputs
to this DAF-16-mediated host defense, we tested the suscepti-
bility of 5HT signaling mutants to PA14 pathogenesis.
It has been established that WT animals are killed within 5 to
22 hr when PA14 is provided as food but that daf-2mutants are
resistant to PA14 pathogenesis and therefore survive (Garsin
et al., 2003). Over the course of 5 to 22 hr, more tph-1 animals
than WT survived on PA14 lawns, although the resistance was
modest relative to that shown by daf-2 mutants (Figure 4A),
indicating that 5HT signaling also influences susceptibility to
the pathogen. It is unlikely that tph-1mutants survived because
of slow feeding, as feeding-defective eat-2(ad465) animals died
as quickly as WT when assayed in parallel (data not shown).
To delineate the components required for a serotonergic sig-
naling pathway in this host defense, susceptibility to PA14 killing
of ocr-2 and 5HT receptor mutant animals was determined
(Figure 4B). The susceptibility of ocr-2 deletion mutants was
comparable to WT, suggesting that a lack of ADF 5HT does
not have an effect on PA14 resistance. mod-1 mutants were
more resistant to PA14, whereas the ser-1 and ser-4 mutants
were as sensitive as WT. Thus, 5HT signaling acts through
MOD-1 to influence host defense against the pathogen. This is
a distinctly different pathway from that used by 5HT signaling
in the response to starvation stress, where it acts through
SER-1 and SER-4.
5HT and DAF-16 regulate common antioxidant
genes in antimicrobial defense
Deletion of daf-16 suppresses the enhanced PA14 resistance of
daf-2 (Garsin et al., 2003) and tph-1 mutants (Figure 4B). This
suggests that activation of DAF-16 leads to changes in the
expression of antibacterial genes in both tph-1 and daf-2mutant
backgrounds. However, our finding of increased PA14 resis-
tance in mod-1 but not ocr-2 mutants suggests that DAF-16
nuclear accumulation does not directly correlate with the anti-
bacterial immunity. To determine DAF-16 response to the path-
ogen, DAF-16::GFP in WT animals exposed to PA14 lawns was
monitored. Over the course of 5 hr, DAF-16::GFP nuclear accu-
mulation could not be detected in any surviving animals
(Figure S5). Thus, unlike heat and starvation stresses, the bacte-
rial pathogen does not promote DAF-16 nuclear accumulation.
Our results are consistent with prior observations that DAF-16
nuclear accumulation may not be the only mechanism by which
its downstream targets are affected (Lin et al., 2001; Libina et al.,
2003).CELL METABOLISM : DECEMBER 2006We next tested whether 5HT regulates DAF-16 targets that
mediate antimicrobial defense. Pathogenic factors that PA14
releases to kill worms exert their toxic effects through the gener-
ation of ROS (Mahajan-Miklos et al., 1999). Manganese super-
oxide dismutase (SOD) is a major mitochondrial enzyme that
catalyzes the removal of ROS, and the expression of the sod-
3 gene is regulated by DAF-16 (Honda and Honda, 1999). We
generated a functional SOD-3 reporter by inserting GFP at the
C terminus of the coding region in a sod-3 genomic sequence
(sod-3(+)::gfp) and quantified GFP levels in WT animals and
tph-1 mutants. Consistent with previous reports showing that
inactivation of daf-2 induces sod-3 expression (Honda and
Honda, 1999), sod-3(+)::gfp expression level was significantly
increased in tph-1 mutants relative to WT (Figures 4C and 4D).
The increased sod-3(+)::gfp expression in tph-1 mutants was
completely suppressed by a deletion of daf-16 (Figure 4D), sug-
gesting that 5HT deficiency induces DAF-16 to activate the
expression of this antioxidant enzyme.
To test whether increased expression of sod-3 can confer
antibacterial resistance, we tested PA14 susceptibility of WT
animals carrying this sod-3(+)::gfp transgene (Figure 4B). WT
animals carrying extra copies of sod-3 from this transgene
were more resistant to PA14 virulence than their nontransgenic
siblings. Interestingly, a daf-16 mutation can completely sup-
press PA14 resistance in daf-2 (Garsin et al., 2003) and tph-1
mutants, but it only very weakly suppressed PA14 resistance
in sod-3(+)::gfp animals (Figure 4B).We suggest that 5HT signal-
ing regulates DAF-16 to control the expression of antioxidant
enzymes and that overexpressing the sod-3(+)::gfp transgene
produces sufficient SOD-3 to enhance resistance to the PA14
pathogen even without being upregulated by DAF-16.
Discussion
Despite extensive investigations into 5HT function in neuronal
plasticity and behavioral adaptation to stressful stimuli, its role
in physiological stress responses has been much less explored.
We present genetic evidence that 5HT targets the neuro-
endocrine pathway from the DAF-2 insulin/IGF-1 receptor to
the DAF-16 FOXO transcription factor to affect the response
to environmental and physiological stresses. Our data suggest
that two classes of serotonergic neurons act through distinct
serotonergic receptors to influence specific aspects of DAF-16
functions. This study extends our prior observations that muta-
tions in the OCR-2 TRP channel selectively downregulate 5HT
production in the ADF chemosensory neurons by demonstrating
that 5HT arising from ADF inhibits DAF-16::GFP nuclear accu-
mulation. Regulation of DAF-16/FOXO transcription factors
by TRP channels may represent one mechanism by which
serotonergic neurons integrate sensory perception about the
environment, 5HT signals, and behavioral and physiological
plasticity.
While much remains to be learned about the mechanisms of
stress physiology, key features appear to be shared in the
programs for behavioral and physiological stress responses.
For example, the p38 MAPK (mitogen-activated protein kinase)
pathway and the JNK (Jun N-terminal kinase) signaling cascade
regulate metabolic homeostasis, oxidative stress response, and
innate immunity in diverse organisms (Vidal et al., 2001; Kyriakis
and Avruch, 2001; Kim et al., 2002; Wang et al., 2005). These
signaling molecules have also been implicated in 5HT signaling435
A R T I C L EFigure 4. Pathogen susceptibility of 5HT signaling
mutants
A)Fast killingof tph-1mutants compared to thatofWT
and daf-2(e1370) animals after exposure to PA14.
Each bar represents three independent trials6 SEM.
B) Relative susceptibility to PA14 fast killing of 5HT
synthesis and 5HT receptor mutants compared to
WT animals and WT animals expressing a sod-
3(+)::gfp transgene. The number of animals dead af-
ter exposure toPA14 for 5 to 6 hr was scored. The av-
erage percentage of WT animals dead is defined as
100% susceptibility. The percentage of individual
mutant strains dead is normalized against WT sus-
ceptibility assayed in parallel. Each bar represents
three independent trials 6 SEM. *p < 0.05, **p <
0.01 significant difference from WT, Student’s t test.
C) sod-3(+)::gfp expression is increased in tph-1
animals compared toWT.BothWTand tph-1 animals
carried the same sod-3(+)::gfp transgene with GFP
inserted at the C terminus of the coding region in
the sod-3 genomic sequence. The animals shown
are L2 larvae.
D) Quantification of sod-3(+)::gfp in WT and tph-1
animals. Fluorescence was quantified by measuring
the pixel intensity of three areas along the body (as
indicated in [C]) of each animal, and the average
values of these three areas are shown. The average
pixel intensity in WT is defined as 100, and the aver-
age pixel intensity in other strains is normalized
against WT assayed in parallel. Each bar represents
three independent trials 6 SEM. The total number
of worms examined in each strain is indicated on
topof eachbar. *p<0.05, ***p<0.0001 significant dif-
ference from WT, Student’s t test.pathways to produce synaptic plasticity and behavioral adap-
tation (Martin et al., 1996; Sharma and Carew, 2004). Regulation
of DAF-16 activities by serotonergic neurons in C. elegans
affords a genetically tractable system for uncovering additional
components of 5HT signaling in organismal responses to stress.
Differential roles of distinct serotonergic neurons
Our genetic analysis of 5HT synthesis and 5HT receptor mutants
sheds light onto the mechanisms of 5HT signal transduction in
a whole organism. Three lines of evidence suggest that ADF
and NSM 5HT signals regulate distinct aspects of DAF-16 func-
tions (Figure 5). First, in C. elegans larvae, ADF and NSM are the
only neurons that produce 5HT. While anti-5HT antibody can
also stain the HSN, RIH, and AIM neurons, HSN express tph-1
and produce 5HT only during adulthood (Desai et al., 1988;
Sze et al., 2000), and AIM and RIH do not express the complete
set of genes essential for 5HT biosynthesis (Sze et al., 2000;
Hare and Loer, 2004) and instead only absorb extracellular
5HT (C.M. Dempsey and J.Y.S., unpublished data). Second,
expression of two independently constructed ADF::tph-1 trans-
genes can significantly suppress DAF-16::GFP nuclear accumu-
lation in tph-1mutants. Although DAF-16::GFP nuclear accumu-
lation appeared to be slightly lower in tph-1 mutant strains
expressing NSM::tph-1 relative to tph-1 mutants alone, this
change was not significant. Together, these observations
suggest that 5HT arising from ADF accounts for the major inhi-
bition of DAF-16::GFP nuclear accumulation. Third, NSM-
released 5HT appears to promote DAF-16 nuclear accumulation
in response to starvation. A lack of NSM tph-1 expression is the
only phenotype shared by unc-86 and tph-1 mutants carrying
ADF::tph-1; both strains show less DAF-16::GFP nuclear accu-436mulation upon food deprivation. We propose that ADF 5HT
transduces the perception of food to inhibit DAF-16 nuclear
accumulation, whereas NSM 5HT facilitates DAF-16 nuclear
accumulation when feeding is denied.
While the signaling pathway between serotonergic neurons
and DAF-16 remains to be elucidated, our pharmacological
experiments have established that serotonin cannot affect
DAF-16 in the absence of DAF-2. Interestingly, a recent report
showed that daf-2mutants exhibit a reduction of a GFP reporter
for tph-1, raising the possibility of a feedback regulatory loop be-
tween 5HT andDAF-2 receptor signaling (Estevez et al., 2006). In
mammals, 5HT influences the synthesis, release, and sensitivity
of insulin as well as many other hormones that regulate the
appetite and metabolic homeostasis (Leibowitz and Alexander,
1998; Yamada et al., 2003; Gerozissis, 2004; Mattson et al.,
2004). The C. elegans genome encodes at least 38 insulin-like
peptides, with some acting as agonists and some apparently
asantagonists ofDAF-2, theonly insulin receptor of theorganism
(Pierce et al., 2001; Li et al., 2003; McElwee et al., 2003; Murphy
et al., 2003). Furthermore, C. elegans contains 284 nuclear
hormone receptors (Gissendanner et al., 2004). The nuclear hor-
mone receptor DAF-12 is already known to act downstream of
5HT (Antebi et al., 1998) and to influence the DAF-2 signaling
pathway (Hsin and Kenyon, 1999). It is possible that different
sensory perceptions and physiological signals regulate different
insulin molecules and nuclear hormone receptors that act in
concert to optimize DAF-2 inputs to DAF-16. Further studies
are necessary to determine whether 5HT signaling regulates
the activities of some of these genes and whether ADF and
NSM regulate distinct insulin molecules and nuclear hormone
receptors.CELL METABOLISM : DECEMBER 2006
Serotonin inputs to insulin/IGF-1 signalingFigure 5. Model for regulation of stress responses
by distinct serotonergic signaling pathways
In C. elegans larvae, tph-1::gfp is predominantly ex-
pressed in two pairs of neurons, NSM and ADF. tph-
1::gfp expression in NSM and ADF is regulated by
distinct factors: UNC-86 (NSM) and OSM-9 and
OCR-2 (ADF) (Sze et al., 2002; Zhang et al., 2004).
Mutations in particular 5HT receptors result in a sub-
set of defects seen in mutants lacking tph-1 expres-
sion in a neuronal class. The effect of ADF andmod-1
on aversive olfactory learning has been described
previously (Zhang et al., 2005).5HT signaling in stress responses
DAF-16 activity, like that of its mammalian counterparts, is reg-
ulated bymultiple layers of mechanisms to differentially regulate
distinct physiological outputs (Wolkow et al., 2000; Lin et al.,
2001; Libina et al., 2003). Our data indicate that 5HT acts via
different 5HT receptors to regulate DAF-16 activities associated
with nuclear translocation as well as those that are translocation
independent (Figure 5). 5HT signaling transduced by SER-1 and
SER-4 promoted DAF-16 nuclear accumulation in response to
starvation. In contrast, 5HT signaling transduced by MOD-1
modulated DAF-16-regulated antibacterial defense, a process
that does not require its nuclear accumulation. Because mu-
tants selectively defective in 5HT production in ADF did not
exhibit these phenotypes, ADF 5HT is not required for these
5HT receptor functions. Because ADF and NSM are the only
serotonin-producing neurons in the larval animals, 5HT signaling
from NSM is likely participating in these functions.
Our genetic analyses imply that the signaling from the TRPV
channel OCR-2 inhibits DAF-16 nuclear accumulation. Prior
studies demonstrated that OCR-2 acts cell autonomously to
regulate tph-1 expression in ADF (Zhang et al., 2004). Because
ocr-2(ak47) and ocr-2(yz5) alleles dramatically downregulate
tph-1 expression in ADF and because restoring ocr-2 or tph-1
expression specifically in ADF can significantly suppress DAF-
16::GFP nuclear accumulation, this suggests that signaling
from OCR-2 to the tph-1 promoter modulates these 5HT inputs
to DAF-16. OCR-2 is expressed in six classes of chemosensory
neurons including ADF and is enriched at the sensory endingsCELL METABOLISM : DECEMBER 2006exposed to the external environment (Tobin et al., 2002; Zhang
et al., 2005). An attractive possibility is that the OCR-2 TRP
channel in ADF transduces specific sensory perceptions of
the environment to the signaling cascade leading to transcrip-
tional relation of tph-1, thereby modulating 5HT signals to as
yet unidentified serotonin receptors and influencing DAF-2





agar with E. coli OP50 as a food source (Brenner, 1974). Wild-type animals
were C. elegans strain N2. Mutant strains used were CF1295: daf-16(mu86);
daf-2(e1370);muEx108[pKL99-2(daf-16::GFP;rol-6(d))], TJ356: N2;zIs356
[daf-16::gfp;rol-6(d)], GR1333: N2;Is71[Ptph-1::gfp;rol-6(d)], CX6741 (ADF::tph-
1): tph-1;kyEx953[Psrh-142::tph-1::gfp;ofm-1::gfp], CX7749 (NSM::tph-1): tph-
1;kyEx1087[Pceh-2::tph-1::gfp;ofm-1::gfp], daf-2(e1370), daf-16(mgDf50), eat-
2(ad465), mod-1(ok103), mod-5(n3314), ocr-2(ak47), ocr-2(yz5), ser-1(ok345),
ser-4(ok512), tph-1(mg280), unc-86(n846). Unless otherwise specified, strains
were raised at 20C and daf-2mutants at 15C.
DNA constructs and transgenic lines
All fusion constructs were generated by PCR. For each construct, products
from at least two independent PCR reactions were pooled to reduce potential
errors from PCR. Purified products were microinjected into worms to gener-
ate transgenic animals. As indicated, plasmids containing either elt-2::gfp (a
gift from J. McGhee, University of Calgary) or a dominant rol-6 gene, rol-6(d),
were coinjected as a transgenic marker.437
A R T I C L EyzEx212: Ex[Pcat-1::tph-1;elt-2::gfp]
To construct Pcat-1::tph-1, the sequence encompassing the entire coding
region of tph-1 was amplified from WT genomic DNA and fused with a pro-
moter fragment containing the 4.6 kb upstream sequence of the cat-1
gene and the 30 untranslated region (UTR) of unc-54. This cat-1 promoter
sequence is expressed specifically in all 5HT and dopaminergic neurons
(Sze et al., 2002).
yzEx225: Ex[sod-3(+)::gfp;rol-6(d)]
To construct a functional sod-3 GFP reporter, the sequence encompassing
945 bp of the 50UTR and the entire coding region of the sod-3 gene was
amplified from WT genomic DNA and fused to a GFP sequence and the
unc-54 30UTR.
yzExLB005: Ex[sod-3(+)::gfp;elt-2::gfp]
This transgene contains the same sod-3(+)::gfp construct described above,
but with the elt-2::gfp transgenic marker. We found that the rol-6(d)mutation
has a minor influence on the sensitivity to PA14. Therefore, this transgene
was used to test the effect of overexpression of sod-3(+) on PA14 sensitivity.
yzExLB018 (ADF::tph-1 #2): Ex[ADF::tph-1;elt-2::gfp]
This transgene contains the same ADF::tph-1-expressing vector as that car-
ried in the strain CX6741 (Zhang et al., 2005), which was designed as
ADF::tph-1 #1, but with elt-2::gfp as a transgenic marker.
yzExLB013 (NSM::tph-1 #2): Ex[NSM::tph-1;elt-2::gfp]
This transgene contains the same NSM::tph-1-expressing vector as that
carried in the strain CX7749 (Zhang et al., 2005), which was designed as
NSM::tph-1 #1, but with elt-2::gfp as a transgenic marker.
DAF-16::GFP expression analysis
An stably integrated DAF-16::GFP, zIs356 (Henderson and Johnson, 2001),
was crossed into individual genetic backgrounds. Because both zIs356
and ocr-2 are located on chromosome IV, DAF-16::GFP on an extrachromo-
somal array, muEx108[pKL99-2(daf-16::GFP;rol-6(d))] (Lin et al., 2001), was
crossed into ocr-2(ak47) and ocr-2(yz5) mutant animals. The expression of
GFP was observed using an Axioplan microscope (Zeiss) equipped with
a fluorescent light source. The images were captured with a Zeiss AxioCam
digital camera.
To observe GFP subcellular distribution, 10–15 animals were mounted to
an agar pad containing 20 mM sodium azide and analyzed immediately.
No animal on the pad for more 10 min was scored. Well-fed WT and tph-1
mutant animals were assayed in parallel as controls. DAF-16::GFP distribu-
tion in the head neurons was scored based on the accumulation of GFP in
the nucleus or the cytoplasm (i.e., diffuse form) in individual neurons in the
head region of an animal. In general, the amphid chemosensory neurons
were scored. The results of head neurons represent actual ratios of the neu-
rons accumulating nuclear DAF-16::GFP over the total number of neurons
scored in a worm. The neuronal DAF-16::GFP nuclear accumulation was
used as the primary data in our studies. To score the body regions, individual
animals were classified based on the presence of nuclear DAF-16::GFP in
approximately 90%, 70%, 50%, 30%, 10%, or none of the body cells, as
shown in Figure S1. Body regions were evaluated to assess whether muta-
tions and stress conditions affect DAF-16::GFP subcellular distribution in
both neuronal and nonneuronal cells or selectively affect head neurons. All
the animals scored were at the stage of L2–L3, and dauer animals were
not scored.
Temperature assay
Three to five adults from a strain were transferred to a fresh plate seeded with
bacterial food and allowed to lay eggs for 16 hr, and GFP distribution in the
progeny was examined. To assay DAF-16::GFP distribution at the 15C
growth temperature, eggs were laid at 15C and GFP was scored 48 hr later.
To assay the effect of 20C and 26C growth temperatures, WT and tph-1
adults laid eggs at 20C and daf-2 adults laid eggs at 15C. Hatched larvae
were shifted to 20C or 26C incubators and scored after 48 and 24 hr,
respectively.
Starvation assay
Well-fed L2 and L3 animals were washed off of their culture plates with M9
buffer and further washed three more times with M9 before being transferred
to standard culture plates that contained no seeded bacterial food. For
starvation recovery assay, animals deprived of food for 4 hr were transferred
to plates seeded with bacterial food, and GFP distribution in these animals438was observed 4 hr after feeding resumed. To test the effect of 5HT and
fluoxetine on starvation-induced DAF-16::GFP nuclear accumulation, indi-
vidual drugs were dissolved in water, and the solutions were poured onto
to the NGM plates to give the final concentration of 2.5 mg/ml (5HT) and
0.25 mg/ml (fluoxetine). DAF-16::GFP distribution in animals starved on the
drug plates was then compared with that of their siblings on drug-free plates.
Heat-shock assay
Thirty to forty L4 animals were transferred to a culture plate seeded with
OP50 food, and incubated at 20C for 24 hr. The plates were shifted to
37.5C for 2 or 3.5 hr, returned to 20C for 18 hr, and number of animals
survived and dead was on the plates scored. A worm was considered
dead if it failed to response to prodding by platinum wire.
For each assay, all the strains were tested in at least three independent
experiments, with two to three replicates each.
Assessment of neuronal 5HT levels
tph-1::gfp was an integrated transgene expressed in a WT background. To
quantify GFP intensity, images of ADF and NSM neurons were captured
with an AxioCam digital camera and AxioVision software (Zeiss) at a fixed
exposure time (100 ms), and the fluorescence over a 30 3 30 pixel area of
the cell body was quantified using Adobe Photoshop.
Staining with anti-5HT antibody was performed using the McIntire-Horvitz
whole-mount procedure with modifications (McIntire et al., 1992; Sze et al.,
2000). To quantity 5HT immunoreactivity in ADF and NSM, images of individ-
ual neurons were taken at a fixed exposure time of 50 ms, and the fluores-
cence within a 15 3 15 pixel area of the cell body was quantified.
sod-3(+)::gfp expression analysis
To evaluate GFP intensity, fluorescent GFP images of individual animals were
captured at a fixed exposure time of 200ms. To score sod-3(+)::gfp inWTand
tph-1(mg280) animals, the pixel intensity over three fixed 503 50 pixel areas
(Figure 4C) along the body of individual animals was quantified. Fluorescence
intensity of sod-3(+)::gfp in WT, daf-16(mgDf50), and daf-16(mgDf50);
tph-1(mg280) animals over two 50 3 50 pixel areas in the head regions was
quantified.
Pathogen-resistance assay
The fast killing of C. elegans by the opportunistic human pathogen P. aerugi-
nosa strain PA14 was conducted according to a well-established protocol
(Mahajan-Miklos et al., 1999). Briefly, a single colony of PA14was inoculated
in 5 ml Kings B broth for 5 hr at 37C. Fifteen microliters of the PA14 culture
was spread on PG plates, and the plates were further incubated at 37C for
24 hr and used for assays within 24 hr. For each assay, 30 to 40 L4 animals
from a strain were placed on an assay plate and incubated at 25C, and the
number of animals surviving and dead was scored after 5 and 24 hr. A worm
was considered dead when it failed to respond to platinum picker touch. To
examined the effect of the PA14 pathogen on DAF-16 subcellular distri-
bution, DAF-16::GFP in WT animals surviving after being exposed to PA14
for 2 and 5 hr was observed. The E. coli strain OP50 was used as a control
for the assay.
Statistics
Statistical analyses were performed using Minitab 12.1 (Minitab Inc.) and
Microsoft Excel. For comparisons between two groups, Student’s t test
was used.
Supplemental data
Supplemental Data include five figures and can be found with this article
online at http://www.cellmetabolism.org/cgi/content/full/4/6/429/DC1/.
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